This paper presents an assessment of indicators of climate change in Ireland over the past century. Trends are examined in order to determine the magnitude and direction of ongoing climate change. Although detection of a trend is difficult due to the influence of the North Atlantic Ocean, it is concluded that Irish climate is following similar trajectories to those predicted by global climate models. Climatic variables investigated included the key temperature and precipitation data series from the Irish synoptic station network. Analysis of the Irish mean temperature records indicates an increase similar to global trends, particularly with reference to early-twentieth century warming and, more importantly, rapid warming in the 1990s. Similarly, analysis of precipitation change support the findings of the United Kingdom Climate Impacts Programme (UKCIPS) with evidence of a trend towards winter increases in the north-west of the country and summer decreases in the south-east. Secondary climate indicators such as frequency of 'hot' and 'cold' days were found to reveal more variable trends.
Introduction
An increase in global surface temperature of 0.6 + 0.2 o C has occurred since the latenineteenth century (IPCC, 2001 ). Most of this warming has occurred during two main periods : 1910-1945 and 1976 to the present. During the present episode of rapid warming, temperatures have increased at a rate of 0.15 o C per decade (Jones et al., 2001) . The 1990s were the warmest decade in the series which extended from 1856 to 2000, with the eight warmest years globally having occurred since the 1990s (Palutikof, 2001) . The bulk of this warming has occurred at night. Daily minimum air temperatures over land have increased at twice the rate of daily maximum temperatures since 1950. There has also been a reduction in the frequency of low temperatures, with a smaller increase of extreme high temperatures (IPCC, 2001) . Because of this, the freeze-free season in many mid/high latitude regions has lengthened. There have also been related increases in cloud cover, at the rate of 2 percent during the twentieth century, especially over mid/high latitudes (IPCC, 2001 ).
Increases in precipitation, of 0.5-1 percent per decade in the mid/high latitudes of the Northern Hemisphere, have also been observed over the course of the twentieth century (IPCC, 2001 ). This would again appear to be related to increases in cloud amount. Analysis of the frequency of heavy rainfall events indicates a probability of over 90 percent that a 2-4 percent increase in frequency has occurred during the past 50 years in the Northern Hemisphere (IPCC, 2001 ).
This paper presents an analysis of the long-term variation of mean annual surface air temperature and total annual precipitation for a number of stations in Ireland. Figure 1 outlines the location of the fourteen synoptic stations operated by Met Éireann, along with the location of Armagh observatory which was also used in this study. Daily maximum and minimum temperatures for eight synoptic stations are also examined in order to detect Irish Geography, Volume 36(2), 2003, 97-111. possible local and regional trends. The daily frequencies of unusually high and low temperatures are assessed, using threshold temperatures of 18 o C and 0 o C. Changes in daily rainfall are also described for the same period. Kendall's non-parametric rank correlation test is used to assess statistical significance, which is enhanced with a least squares linear regression model to determine the magnitude of the trend. To investigate the relationship between large-scale phenomena such as the North Atlantic Oscillation (NAO) and seasonal temperature and precipitation, a simple correlation method is used.
Irish Temperature Record
The increase in global temperature identified by the IPCC may or may not have been matched by a comparable trend in Ireland. To examine this, it is necessary to conduct studies on a local and regional scale. Monthly data were aggregated and annual averages produced for each of four long-term stations in Ireland: Birr, Valentia, Malin Head and Armagh from 1890-2000. An air temperature anomaly was then calculated using the 1961-90 period as a baseline. This approach was similar to that employed by researchers at the Climate Research Unit at East Anglia in the UK in deriving the global surface air temperature anomaly. Both time series are shown in Figure 2 . An increasing global temperature trend is apparent from 1910 to 1940, followed by a slight decrease until the mid-1970s. Since then global average temperatures have consistently exceeded the 1961-1990 average. Ireland, however, exhibits much greater interannual variability, with departures of over 1 o C from the mean. Nevertheless, Ireland reveals a similar trend to the global one, with the warming not occurring as a linear process but in two distinct and separate phases. First, an initial long period of warming occurred between 1920 and 1950 with the warmest year of the twentieth century in Ireland being 1945. Secondly, a short cool phase lasting until the mid/late 1970s took place. Finally, a period of abrupt and highly significant warming was recorded from the mid-1970s to the present. Irish temperatures show a moderate but significant warming for the whole period, of approximately 0.5 o C, in agreement with results obtained at the global scale (0.6 o C). However, in the past two decades, it is apparent more rapid warming has taken place in Ireland than globally. Five of the ten warmest years in the Irish instrumental record have occurred since 1990, with 1997 being the warmest year of the decade, compared to 1998 which was the warmest year of the entire instrumental record globally. This is in agreement with UK trends, where the 1990s have been the warmest decade in records extending over 240 years (Hulme and Jenkins, 1998) . The tendency for Irish temperatures to generally lag somewhat behind the global trend may be due to the buffering effect of the North Atlantic Ocean. A more detailed analysis of temperature records for the past 50 years from the synoptic station network showed consistency with this long-term air temperature record.
Emerging evidence for an anthropogenically-induced warming signal adds urgency to the importance of monitoring maximum and minimum temperature, as well as the mean . One of the expectations from greenhouse warming is a somewhat greater increase in minimum relative to maximum temperature . Some researchers have found an asymmetrical diurnal warming, with an increase in daily minimum temperatures at a rate nearly twice that of maximum temperatures since approximately 1950 (IPCC, 2001) . Not all regions show greater warming at night, although it is the dominant signal in many regions (Jones, 2001) . Jones et al., (1999) in their analysis of the Central England Temperature record found an increase in temperature which corresponds to a reduced number of days with temperatures much below normal. An increase in days with temperatures much above normal however was not so evident.
A least squares linear regression line was fitted to maximum and minimum temperature data for each of eight synoptic stations for each season to establish a generalised trend over the period of record, 1960 to 2000. An identical period of record from each station was considered in order to enable direct comparability to be achieved. It is evident that minimum temperatures are warming more than maximum temperatures in spring, summer and autumn, with maximum temperatures in winter warming more than minimum temperatures. The only evidence of decreasing seasonal temperatures is in spring, summer and autumn minimum temperatures at Dublin Airport. At most stations, trends in summer minimum and winter maximum temperatures are significant at the 95% level or greater. This can be seen in Table 1 .
At a global level, the greatest seasonal warming has occurred during the Northern Hemisphere winter and spring, and as a result, the difference between summer and winter temperatures has decreased (IPCC, 2001) . It may be concluded that, in Ireland, it is the winter warming which contributes most to the recent warming trend in Irish climate, with winter maximum temperatures accounting for most of this. The greatest warming occurs in the period November to March, with the least warming in April, May, June, September and October. 
Secondary temperature indices
In some investigations, important information regarding climate change detection is lost when monthly or longer averages are used (Przybylak, 2000) . More revealing trends, however, may be identified by analysing daily data and changes in the frequency of days above and below certain thresholds. A relatively small change in mean can lead to large changes in the frequency of extremes (Katz and Brown, 1992; Salinger and Griffiths, 2001 ). Globally, there has been a trend towards reduced numbers of frost and cold days and an increase in the number of hot days during the past century (Karl et al., 1999 ). Ireland's oceanic climate means that temperature extremes are rare, however, and, as a result, the mean air temperature fluctuates within quite narrow limits. Maximum temperatures above 30 o C have a once in a century return period at coastal locations and once every 50 years inland. Temperatures less than -7 o C occur approximately every second year inland, while only approximately once every 100 years at Valentia (Sweeney, 1997) . Because of this, standard indices as defined by the climate change detection working group and established by the WMO (World Meteorological Organisation) and CLIVAR (Climate Variability and Predictability) cannot be used. A study on the Central England Temperature (CET) has defined a 'hot' day as a day when the mean temperature is greater than 20 o C (Hulme, 1999a) . For the purposes of this study a 'hot' day is defined as any day when the mean temperature is greater than 18 o C, whereas a 'cold' day is defined as any day when the mean temperature is less than 0 o C.
The frequency of hot and cold days is currently quite low on the northern and western seaboards, but inland and on the east coast there can be significant occurrences. At Birr (Figure 3 ), Dublin Airport ( Figure 4 ) and Kilkenny ( Figure 5 ) the number of hot days have increased. This increase has been significant at Dublin Airport and Kilkenny at the 95% significance level. Cold days for the three stations have decreased significantly -at the 99% level for Birr, at the 95% level for Kilkenny and at the 90% level for Dublin. Birr and Kilkenny only had seven hot and seven cold days per year on average but Kilkenny experienced 34 hot days and Birr 32 hot days in 1995. Also, in 1998, Kilkenny had no cold days and Birr only had two. Dublin Airport, while not experiencing as many hot or cold days on average (six and four respectively), has also had recent years with up to nineteen hot days (1995) and a number of years with only one or two cold days (1993, 1994, 1996, 1997, 1998) . These findings are similar to those found in Hulme's study on the Central England Temperature Record (Hulme, 1999a) which showed an increase in recent years in the number of summers with temperatures above 20 o C, although no long-term trend in the number of cold days.
Due to an increase in minimum temperatures in spring and autumn, it might be expected that the length of the frost season would shorten, with a reduced number of frost days annually. In the north-eastern United States, Cooter and LeDuc (1995) found that the start of the frost-free season occurs eleven days earlier now than in the 1950s (Easterling et al., 2000) . The season in Ireland is measured when minimum temperatures fall below 0 o C (Keane, 1986) . At Birr and Malin Head, the frost season appears to be shorter in recent years due primarily to an earlier last frost (Figure 6 ). At Birr the last frost has shifted from the first week in May to the last week of April, while at Malin Head, the last frost is over 2 weeks earlier, changing from mid March to the beginning of the month. Valentia and Dublin Airport, on the Climate change in Ireland 101 other hand, have a slightly longer frost season than in the past. At Valentia, the last frost is nine to ten days later, shifting from the second week in March to the last week in March, and at Dublin Airport the first frost is approximately four days earlier and the last frost four days later. Unfortunately, it is difficult to determine real and significant trends due to wide year-toyear variations. Clearly this indicator would have important consequences for farmers, especially those growing frost-sensitive crops.
Perhaps a better indicator than the length of frost season may be the frequency of days within each season experiencing a frost, defined as a day with a minimum temperature less than 0 o C. In both Australia and New Zealand, the frequency of days below freezing decreased in association with a warming in daily minimum temperatures, which also appeared to be related to changes in atmospheric circulation in the region . This trend is also apparent in Europe, as evidence exists that the decrease in number of frost days since the 1930s appears to be associated with strong increases in winter minimum temperatures (Heino et al., 1999) .
The number of air frosts on the south and north-west coast of Ireland is only about ten per year (Rohan, 1986) . Moving inland, the number of days with frost increases rapidly and there can be 50-60 days with air frosts per year in the midlands. At four stations in Ireland, two coastal and two inland, there are significant decreases (at a level greater than 95%) in the frequency of frost days (Figure 7) . Birr has the greatest decrease, with a reduction of approximately fourteen days since 1955, significant at the 95% level. Kilkenny, Valentia and Rosslare also display significant decreases, from a reduction of seven days at Valentia since 1940, to eleven at Kilkenny and Rosslare, since 1958. Again this would be related to the decline in 'cold' days and the general increase in seasonal minimum temperatures. The necessity for looking at extremes on a global basis has been highlighted by Folland et al. (1999) , as these indicators can be quite important for policy and decision-makers. In response to global warming and increases in mean temperature, it may be expected that there will be a continued increase in hot days and a corresponding decrease in the frequency of cold days in the future. Obviously this would also have serious implications for a variety of sectors, including agriculture and water resources.
Irish precipitation record
Analyses of yearly and seasonal precipitation trends indicate a small positive global trend in precipitation over land during the twentieth century (IPCC, 2001 ). These also show that the pattern is not homogenous, as large areas are characterised by negative trends. Any warming of the lower atmosphere will inevitably cause changes in precipitation due to an altered hydrological cycle. This may have more important impacts on human and environmental systems than any change in temperature. Trends in European annual precipitation reveal increases in rainfall in northern Europe of between 10 and 40 percent during the twentieth century, while there has been little change or drying in southern Europe (Parry, 2000) . Furthermore, climate modelling studies suggest more pronounced precipitation gradients from north-west to south-east in Britain and Ireland for the future (Hulme, 1999b) . The general pattern for future precipitation changes is for wetter winters and wetter summers in northern Europe, and drier summers in southern Europe (Parry, 2000) .
Irish rainfall trends appear to be consistent with these suggested patterns. Total annual precipitation has increased in the north of the country, at Malin Head, with slight decreases in the south of the country, at Roche's Point and Rosslare. At Malin Head there has been a significant increase of over 350mm since 1890 and this can be seen clearly in Figure 8 . This is accounted for mainly by significant increases in winter rainfall, although summer rainfall in the north has also been increasing. Four out of five of the wettest years experienced at Malin Head have occurred in the 1990s, when annual rainfall totals have been above 1150mm per year.
In this analysis, at Birr in the midlands, there was no clear trend, although there was a decrease in rainfall during the 1960s. This was followed by an increase and levelling off again in annual totals. In the south-east, at Roche's Point and Rosslare, there has been a slight decrease, from 1100mm to 950mm approximately (ten-year moving average). At both Birr and Roche's Point (Rosslare was used after the automation of Roche's Point) decreased summer precipitation is the main driver of the annual trend. Neither Birr nor Roche's Point/Rosslare trends are statistically significant, however.
Analyses of seasonal variations in precipitation in Ireland reveal that the autumn and winter seasons show the greatest increases. Recent years have seen some of the most intense events, with 1998 being the wettest year in the synoptic records for the whole country, and the winter of 1994/95 being the wettest winter. Monthly records reveal that February, March and October were the wettest months and appear to be getting wetter, while May, August and September tend to be the driest. Kiely (1999) also found that March and October are the months with the largest increase in precipitation, particularly on the west coast of Ireland.
Variations in precipitation can be caused by a change in the frequency of precipitation events, changes in the intensity of precipitation per event, or a combination of both. Globally, there is evidence of increases in the intensity of extreme rainfall events in some regions, but no clear large-scale pattern has emerged. In analysing the frequency of rainfall events in Ireland, thresholds were selected according to standard definitions used by the World Meteorological Organisation. A rain day is defined as a day with at least 0.2mm of precipitation, while a wet day is a day with greater than or equal to 1.0mm (Rohan, 1986) . Figure 9 shows the results for an average of eight synoptic stations. March and October are the months which reveal most positive trends. Linear trends indicate increases of six and five rain and wet days respectively for March, and increases of three rain and three wet days in October. There has been a general increase in wet and rain days from January to April and in October and November, with decreases in the May to September period and in December. However, only the March trends are significant. Changes in the intensity of precipitation on these wet and rain days were also examined. This showed wide variations both spatially and temporally. The greatest daily rainfall at any of the synoptic stations was at Valentia on 1 st November 1980 when 116mm was recorded. Sheridan (2001) in his selection of rainfall stations reported monthly totals increasing in March, April and October, with decreases in May, July, August and September. These trends are further confirmed with a large number of significant positive trends in March rain and wet days, and negative trends in September rain and wet days. However, large local differences and the small number of stations analysed makes this an ambiguous indicator and, as such, it is difficult to ascertain whether these changes are indeed the result of long-term climatic changes. Nevertheless, studies in other countries on rainfall intensities have found that countries which experience a significant increase or decrease in monthly and seasonal precipitation have found this change to be related directly to a change in the same sign in heavy and extreme events (Easterling et al., 2000) .
Relationship with circulation indices
In order to understand why the changes outlined above have occurred it is necessary to consider the atmospheric dynamics and the physical processes operating (Trenberth, 1990) . This section briefly examines the relationship between atmospheric circulation and temperature and precipitation at selected sites on the west coast of Ireland. An index of circulation frequently cited in studies on northern European climate variability is the North Atlantic Oscillation (NAO). This is a mode of natural variability most prevalent during the winter months when pressure gradients are at their strongest. When sea level pressure is lower than normal near Iceland, and/or higher then normal near the Azores, the NAO is said to be in a positive phase, and in a negative phase if the opposite occurs. When the NAO is in a positive phase, the storm tracks moving across the North Atlantic Ocean are stronger, bringing depressions north-eastward into Northern Europe. This mode is also associated with an increase in wind speed from the west and an increase in temperature and precipitation for Northern Europe. The wintertime NAO exhibits significant interannual and interdecadal variability (Hurrell, 1995) . The index was in a markedly positive phase at the beginning of the century and has been again since the mid-1970s. The index has been calculated since the middle of the nineteenth century and is updated at the Climate Research Unit at the University of East Anglia.
Correlations between the winter phase of the NAO and winter maximum, minimum and mean temperatures at Malin Head and Valentia reveal positive correlations, significant at the 99% level. Malin Head and Valentia have been chosen as they represent the longest surface climate record for the west coast of Ireland (since 1890). As the NAO is also a measure of the strength of the westerlies, Wilby et al., (1997) found significant positive correlations between the Central England Temperature and the Lamb westerly weather type. According to Hurrell (1996) the NAO explains about 30 percent of the variance of mean winter Northern Hemisphere temperatures. In Ireland, the variation in temperature explained by the NAO is approximately 30 percent and 50 percent for Malin Head and Valentia respectively. Figure 10 outlines the relationship between the winter phase of the NAO and winter temperatures at Valentia. There is a clear agreement between the time series with positive values of the NAO being associated with higher winter temperatures, and negative phases of the NAO with lower temperatures.
Above normal winter precipitation occurs in northern Europe when the NAO is in a positive phase, while the opposite occurs when in a negative phase. In relation to Irish precipitation, again there is a significant correlation, at the 99% level, between winter precipitation and the winter phase of the NAO. Figure 11 shows Malin Head winter precipitation in relation to the winter NAO index. As with temperature, positive values of the NAO are associated with higher precipitation values, while negative NAO phases are linked with lower precipitation.
It is evident that the NAO explains a substantial portion of the variance in temperature and precipitation on the west coast of Ireland in winter. Obviously there will be other modes of atmospheric circulation variability which play an important role in the climate of Ireland during other seasons and at other locations. Future research will study spatial and temporal differences, at both the surface and aloft, of atmospheric circulation so as to provide a better understanding of the mechanisms that are influencing the weather conditions in Ireland.
Conclusion
This research has been a first-step exploratory analysis to determine whether long-term changes in Irish temperature and precipitation have occurred, and if so, what has been the magnitude of this change. A temperature increase of 0.5 o C has been observed over the course of the twentieth century. This trend has been similar to the global trend with warming occurring in two distinct phases, most apparent in the 1990s. Recent warming would appear to have been most pronounced during the night (daily minimum) as opposed to the day (daily maximum) for the summer and autumn seasons. Overall, warming has been strongest in the winter season, as daytime temperatures have increased to a greater extent. There have also been considerable and significant decreases in the frequency of frost and cold days at a number of stations, and an associated increase in occurrence of hot days.
Precipitation indicators for Ireland also appear to confirm global climate model predictions with winter increases in the north-west of the country and summer decreases in the south-east. Given the limited number of sites investigated, only preliminary conclusions can be drawn concerning spatial and temporal precipitation trends. However, significant increases have been detected in the frequency of March rain and wet days for eight synoptic stations analysed. This provides corroboration for the findings of Sheridan (2001) . Such changes in rainfall climatology, should they be accompanied by changes in extreme events, may have widespread implications, especially for flood hazard and water resource managers, planners and engineers.
Preliminary investigations have identified significant relationships between precipitation and temperature and the North Atlantic Oscillation Index in winter on the west coast of Ireland. The future course of Irish climate is undoubtedly going to be linked with large-scale atmospheric circulation and it is important to realise that monitoring changes in climatic elements has to be accompanied by monitoring of changes in other atmospheric circulation indices.
